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The stereotypic left-right (LR) asymmetric distribu-
tion of internal organs is due to an asymmetric
molecular cascade in the lateral plate mesoderm
(LPM) that is originated at the embryonic node. In
chicken embryos, molecular asymmetries at Hen-
sen’s node are created by leftward cell movements
that occur transiently. What terminates these move-
ments, and, moreover, what is the impact of pro-
longing them on the LR asymmetry cascade? We
show that leftward movements last longer when
N-cadherin function is blocked and cease prema-
turely when N-cadherin is overexpressed on the
right side of the node. The prolonged leftward move-
ments lead to loss of asymmetric expression of fgf8
and nodal at the node region. This originates an
abnormal expression of the asymmetric genes cer1
and snai1 in the LPM, resulting in mispositioned
hearts. We conclude that N-cadherin stops the left-
ward cell movements and that this termination
is an essential step in the establishment of LR
asymmetry.
INTRODUCTION
In spite of the external bilateral symmetry of the vertebrate body,
the internal organs display left-right (LR) asymmetric orientations
essential for their function. The asymmetric positioning of inter-
nal organs is controlled by the conserved Nodal cascade initi-
ated in the node at the onset of gastrulation (Lourenc¸o and
Sau´de, 2010). How the initial LR molecular asymmetry is gener-
ated in the node remained unanswered for a number of years.
Seminal experiments showed that the Nodal cascade on the
left side of the embryo is induced by a leftward fluid flow created
by motile cilia found on the mouse node, zebrafish Kuppfer’s
vesicle, and Xenopus gastrocoel roof plate (Lourenc¸o and
Sau´de, 2010).
An alternative strategy to generate LR molecular asymmetries
was recently found in chicken embryos. At stage HH4, andDevelopdownstream of H+/K+-ATPase pump activity, there is a transient
leftward movement of cells around Hensen’s node that, by stage
HH5, is stopped. As a consequence of these transient leftward
movements, the initial bilateral expression of shh on the rostral
part of the node becomes restricted to the left side, while the
early bilateral fgf8 expression in the primitive streak (PS) turns
into an asymmetric expression on the right side of the node
(Cui et al., 2009; Gros et al., 2009). On the left side of the node,
Shh induces nodal expression in the perinodal region (Levin,
2005), while on the right side, Fgf8 inhibits nodal expression
(Boettger et al., 1999), thus placing the Nodal cascade on the
left side. An excess of Nodal activity on the left perinodal region
is transferred to the left lateral plate mesoderm (LPM). The
expression of nodal is amplified in the left LPM through positive
feedback on its own transcription (Nakamura et al., 2006). At the
same time, Nodal activates its negative regulators, the lefty
genes and cerberus-like 1 (cer1), restricting the range of Nodal
signaling to the left side. The induction of pitx2 by Nodal on the
left LPM, and of snail1 (snai1) by Fgf8 on the right LPM, will pro-
mote asymmetric morphogenesis of internal organs (Lourenc¸o
and Sau´de, 2010).
How are the transient leftward movements of Hensen’s node
cells terminated once the asymmetric signals are established?
Moreover, what is the outcome if these movements would go
on for an extended period of time? These are fundamental
questions to answer in order to fully understand LR asymmetry
establishment. The adhesion molecule N-cadherin is a good
candidate to stop the leftward movements. N-cadherin protein
and its messenger RNA (mRNA) (cdh2) are initially expressed in
a symmetric fashion in the PS but become asymmetrically
expressed on the right side of the node at stage HH5 (Gar-
cı´a-Castro et al., 2000; Figures 1A–1F and 1K–1N), which
corresponds to the time point when the leftward movements
stop. Moreover, it was shown that N-cadherin inhibition leads
to heart mispositioning in chicken embryos (Garcı´a-Castro
et al., 2000).
In this study, we used the Kaede photoconvertible fluorescent
protein tool combined with in vivo confocal microscopy to track
single cell movements in the chicken node. We show that a cell-
cell adhesion mechanism mediated by N-cadherin terminates
the leftward movements of node cells, thus locking LR asymme-
tries established earlier. Furthermore, we show that locking LR
asymmetries in the node is essential to transfer the correctmental Cell 30, 353–360, August 11, 2014 ª2014 Elsevier Inc. 353
Figure 1. cdh2 Asymmetric Expression in
Hensen’s Node Is Promoted by Leftward
Cell Movements Downstream of the H+/K+-
ATPase Pump
(A–N) Embryos treated with vehicles DMSO in (A)
through (F) or water in (K) through (N) show normal
expression of cdh2 mRNA in the PS at stage HH4
[(A), (D), (K), and (M)] and normal increased levels
of cdh2mRNA [(B), (E), (L), and (N)] and N-cadherin
protein [(C) and (F)] on the right side of the node at
stage HH5. In (G) and (I), cdh2mRNA expression is
bilateral, and in (H) and (J), N-cadherin protein is
symmetrically localized in the node in embryos
treated with the H+/K+-ATPase pump inhibitor
omeprazole.
(O and P) In an embryo treated with Rho kinase
inhibitor drug Y27632, cdh2 expression in the
node is symmetric.
(D), (E), (I), (M), (N), and (P) show cryostat sections
at the dashed line level in (A), (B), (G), (K), (L), and
(O), respectively. (F) and (J) show confocal axial
sections at the dashed line level in (C) and (H).
N-cadherin protein is indicated in green; DNA, in
red. L, left; R, right. Scale bars, 50 mm.
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metric looping of the heart.
RESULTS
N-Cadherin Asymmetric Expression in Hensen’s Node Is
Generated by Leftward Cell Movements Downstream of
the H+/K+-ATPase Pump
We investigated if the leftward cell movements downstream of
the H+/K+-ATPase activity are responsible for generating
an asymmetric displacement of cdh2-expressing cells in the
node, similarly to what was shown to underlie the dynamics of
shh and fgf8 expression (Gros et al., 2009).
We treated chicken embryos at stage HH3+ with the H+/K+-
ATPase inhibitor omeprazole. Of a total of 46 treated em-
bryos, 27 (59%) showed symmetric expression of cdh2 in the
node at stage HH5 (Figures 1G and 1I). This is in contrast to
control DMSO-treated embryos, which showed an asymmetric
cdh2 expression in 83% (n = 23) of the cases (Figures 1B
and 1E). Accordingly, N-cadherin protein distribution was
also found in equal levels on both sides of the node in 50%
(n = 16) of omeprazole-treated embryos (Figures 1H and 1J),
in contrast to control DMSO-treated embryos, which showed
asymmetric distribution in 80% (n = 5) of the cases (Figures
1C and 1F).
We then blocked cell movements by applying the Rho kinase
inhibitor Y27632 (Itoh et al., 1999; Uehata et al., 1997) over stage
HH3+ embryos. By stage HH5, cdh2 expression in the node was354 Developmental Cell 30, 353–360, August 11, 2014 ª2014 Elsevier Inc.symmetric in 59% (n = 57) of Y27632-
treated embryos (Figures 1O and 1P), in
contrast to controls, where 75% (n = 44)
displayed an asymmetric expression
(Figures 1L and 1N).
Altogether, these results show that
cdh2 expression becomes asymmetricwith more expression on the right side of the node by stage
HH5 due to the leftward cell movements that occur at stage
HH4 downstream of the H+/K+-ATPase pump.
N-Cadherin Asymmetric Activity Halts Leftward Cell
Movements in Hensen’s Node
Since N-cadherin activity can modulate cell migration during
embryogenesis (Becker et al., 2012), we decided to investigate
migratory behaviors in the Hensen’s node region in response
to N-cadherin perturbations.
For this purpose, stage HH3+ chicken embryos were electro-
porated with a Kaede-NLS photoconvertible fluorescent protein
(Sato et al., 2006) that allowed us to specifically label a group of
cells on the right side of the node at stage HH4 (Figure 2A) and
then again at stage HH5 in the same embryo (Figure 2H). The
movement of photoconverted fluorescent labeled cells at each
time point was imaged using time-lapse confocal microscopy.
In agreement with previous reports (Cui et al., 2009; Gros et al.,
2009), we observed that, in control embryos, cells marked on the
right side of the node moved leftward and crossed the midline
during stage HH4 (Figures 2B–2D; Table S1 available online;
Movie S1; n = 6 embryos). However, cells labeled on the right
side of the node at stage HH5 did not display such a movement
(Figures 2I–2K; Table S1; Movie S1; n = 6 embryos), demon-
strating that the movement at stage HH4 is transient. When we
blocked N-cadherin activity by placing the anti-N-cad antibody
(Hatta et al., 1988) over the embryo at stage HH3+, we found
that cells are displaced from right to left at stage HH4 (Figures
Figure 2. Leftward Cell Movements in Hensen’s Node Are Transient due to Asymmetric N-Cadherin Activity
(A) A stage HH4/HH4+ diagram shows photoconverted cells (red dots) on the right side of the node.
(B–G) The position of photoconverted cells at two time points and their tracks are shown in a control embryo [(B), (B’), and (C)] and an anti-N-cad-treated embryo
[(E), (E’), and (F)]. Overlay tracks of all cells analyzed from six controls (D) and five anti-N-cad-treated embryos (G) photoconverted at stageHH4/HH4+ and tracked
until stage HH5.
(H) A stage HH5 diagram where photoconverted cells at stage HH4/HH4+ (light red dots) moved to the left, and new cells were photoconverted (dark red dots) on
the right side of the node.
(I–N) The position of photoconverted cells at two time points and their tracks are shown in a control [(I), (I’), and (J)] and an anti-N-cad-treated embryo [(L), (L’), and
(M)]. Overlay tracks of all cells analyzed from six controls (K) and five anti-N-cad-treated embryos (N) photoconverted at stage HH5 and tracked until stage HH7.
(O–T) The position of full-length N-cadherin-YFP expressing cells at two time points and their tracks are imaged during stage HH4 [(O), (O’), and (P)] and from stage
HH5onward [(R), (R’), and (S)].Overlay tracksof all cellsanalyzed fromsix embryos imagedduring stageHH4 (Q)and fromstageHH5onward (T). h, hours;m,minutes.
See also Figures S1A–S1N and Table S1.
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movement, rather than ceasing, continued during stages HH5
and HH6 (Figures 2L–2N; Table S1; Movie S2; n = 5 embryos).
Similar results were obtained when we used the N-cadherin anti-
body MNCD2 (Matsunami and Takeichi, 1995) (Figures S1E–
S1G and S1L–S1N; Movie S4; n = 5 embryos).
In the converse experiment, we electroporated a fluorescent
version of full-length N-cadherin (Fujimori and Takeichi, 1993)
on the right side of the node at stage HH3+ and imaged the
cell movements at stages HH4 and HH5. By prematurely
inducing an asymmetric expression of N-cadherin, we found
that the leftward movements at stage HH4 halt, thus blocking
the displacement of cells to the left side (Figures 2O–2Q; Movie
S3; n = 6 embryos). Instead, the cells aggregate and start to
adopt a cell displacement pattern typical of stage HH5 (compare
Figure 2Q with Figure 2K), with cells moving rostrally as a conse-
quence of the rostral-caudal body axis extension.
We propose that N-cadherin asymmetric expression on the
right side of Hensen’s node at stage HH5 is normally needed
to halt the leftward cell movements at this stage, thus ensuringDevelopthat the LR displacement of cells initiated at stage HH4 is only
a transient phenomenon.
Blocking N-Cadherin Activity Perturbs LR Asymmetry
Establishment
We evaluated the impact of the prolonged leftward cell move-
ments, uncovered in the absence of N-cadherin activity, on
asymmetric gene expression in the node and LPM.
In embryos where N-cadherin was blocked, using the anti-
N-cad antibody, shh was expressed on the left side of the
node (96%, n = 23; Figure 3B) as observed for control embryos
(96%, n = 28; Figure 3A), similarly to what has been described by
Garcı´a-Castro et al. (2000). However, there was an impact on the
expression of fgf8, which, in this experimental situation, became
bilaterally symmetric in 62% (n = 21) of the embryos (Figure 3D),
in contrast to controls, where asymmetric expression was found
in 73% (n = 22) of the embryos (Figure 3C). We must point
out that Garcı´a-Castro et al. (2000) did not describe changes
in fgf8 expression after blocking N-cadherin activity, probably
because of the use of a different antibody.mental Cell 30, 353–360, August 11, 2014 ª2014 Elsevier Inc. 355
Figure 3. Loss of N-Cadherin Activity
Affects Asymmetric Gene Expression in
Hensen’s Node and LPM
shh, fgf8, and nodal expression at stage HH5 in
control embryos [(A), (C), and (E)] and anti-N-cad-
treated embryos [(B), (D), and (F)]. Asymmetric
expression of nodal and cer1 at the three- to five-
somite (som) stage and snai1 at the five- to seven-
somite stage in the LPM in control embryos [(G), (I),
and (K)] and anti-N-cad treated embryos [(H), (J),
and (L)]. Insets are magnifications of the node re-
gion. Black and white arrowheads indicate normal
and abnormal expression, respectively. L, left; R,
right.
See also Figures S1O–S1Z and Figure S2.
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without N-cadherin function, the leftward cell movements at
stage HH4 proceed normally; therefore, shh-expressing cells
move leftward and their expression becomes asymmetric as
normal. However, as these movements continue toward the
left side for longer when N-cadherin activity is inhibited, a sym-
metric expression of fgf8 is obtained.
These results indicate that, at stage HH5, N-cadherin function
is required to lock the asymmetries established by the leftward
cell movements, which occurred earlier in the node.
In addition, we found that, without N-cadherin function, the
expression of nodal in the perinodal region was downregulated
in 76% (n = 34) of the embryos (Figure 3F), in contrast to its asym-
metric expression in controls (80%; n = 15) (Figure 3E). Since Shh
induces nodal (Paga´n-Westphal and Tabin, 1998) and Fgf8 in-
hibits it (Boettger et al., 1999), we can consider that the abnormal
translocation of fgf8-expressing cells to the left side of the node
creates an abnormally Fgf8-rich environment on that side. In
spite of the normal Shh levels on the left side of the node, we hy-
pothesized that the increased levels of Fgf8 push the signaling
equilibrium toward a configuration where nodal expression is
downregulated on the left side.
Given that nodal expression in the perinodal region was down-
regulated without N-cadherin function (Figure 3F), we expected356 Developmental Cell 30, 353–360, August 11, 2014 ª2014 Elsevier Inc.that nodal expression in the LPM would
be downregulated. However, when we
examined the expression of nodal in the
LPM, it was unaffected (94%, n = 17; Fig-
ure 3H) compared with controls (100%,
n = 16; Figure 3G), similarly to what has
been described by Garcı´a-Castro et al.
(2000). According to the self-enhance-
ment and lateral-inhibition model (Naka-
mura et al., 2006), it is possible to
envision a scenario where a small amount
of Nodal could induce a normal expres-
sion of nodal in the LPM through its
positive feedback loop, given that its in-
hibitors are downregulated. We found
that cer1 expression on the left side was
indeed downregulated in embryos where
N-cadherin was blocked (46%, n = 24;
Figure 3J), compared with the controls(84%, n = 32; Figure 3I). Furthermore, we found that snai1
expression was bilateral in the LPM when N-cadherin was
blocked (38%, n = 16; Figure 3L), a phenotype that contrasts
to the right-sided expression observed in controls (100%, n =
10; Figure 3K), as previously described in Garcı´a-Castro et al.
(2000). Again, we must emphasize that similar results were ob-
tained when we used the N-cadherin antibody MNCD2 (Matsu-
nami and Takeichi, 1995) (Figures S1P, S1R, S1T, S1V, S1X,
and S1Z).
We propose that these results are a consequence of the
abnormal expression of fgf8 on the left side, since it was shown
that Fgf8 represses expression of cer1 (Rodrı´guez Esteban et al.,
1999) and induces snai1 (Boettger et al., 1999).
To test this hypothesis, we analyzed if, in those cases where
N-cadherin was blocked (and, therefore, the expression of
cer1 and snai1 became abnormal), we could rescue these phe-
notypes by placing a bead soaked in Fgf signaling inhibitor
SU5402 (Mohammadi et al., 1997) on the left side of the node
at stage HH5+. Indeed, we could rescue the percentage of
normal cer1 expression from 31.2% (n = 16) in MNCD2 +
DMSO control embryos (Figure 4B) to 71.4% (n = 14) in
MNCD2 + SU5402 treated embryos (Figure 4C) and of asym-
metric snai1 expression from 15.4% (n = 13) in MNCD2 +
DMSO control embryos (Figure 4E) to 53% (n = 17) in
Figure 4. N-Cadherin Controls cer1 and
snai1 Expression in the LPM by Controlling
Fgf Signaling
(A–F) LPM expression of cer1 at the three-somite
(som) stage and snai1 at the five-somite stage in
embryos treated with PBS at stage HH3+ followed
by the implantation of a DMSO-soaked bead [(A)
and (D)] and in MNCD2-treated embryos at stage
HH3+ followed by either the implantation of a
DMSO-soaked bead [(B) and (E)] or a Fgf signaling
inhibitor drug SU5402-soaked bead on the left
side of the node at stage HH5+ [(C) and (F)].
(G) In embryos treated with PBS followed by the
implantation of a DMSO-soaked bead (n = 6), five
showed the heart on the right and one showed the
heart in the middle.
(H) In MNCD2-treated embryos followed by the
implantation of a DMSO-soaked bead (n = 10), two
showed the heart on the right; four, in the middle;
and four, on the left.
(I) In MNCD2-treated embryos followed by the
implantation of an Fgf signaling inhibitor drug
SU5402-soaked bead (n = 6) five showed the heart
on the right and one showed the heart in the
middle.
Black and white arrowheads indicate normal and
abnormal gene expression, respectively. Red and
blue arrowheads indicate normal and abnormal
heart looping, respectively. Asterisks mark the
final position of implanted beads. L, left; R, right.
Developmental Cell
N-Cadherin Stops Leftward Movements of Node CellsMNCD2 + SU5402 treated embryos (Figure 4F). According
to Fisher’s exact test, the two-tailed p value equals 0.0656
for cer1 and 0.0575 for snai1. In this rescue experiment, the
percentage of normal heart looping increased from 20%
(n = 10) in MNCD2 + DMSO control embryos (Figure 4H)
to 83.3% (n = 6) in MNCD2 + SU5402 treated embryos (Fig-
ure 4I). According to Fisher’s exact test, the two-tailed
p value = 0.035.Developmental Cell 30, 353–360These results show that the downregu-
lation of cer1 and induction of snai1 in
the left LPM observed in the absence of
N-cadherin function is due to an abnor-
mally fgf8-rich environment on the left
side of the node.
Accordingly to Figures 2O–2T and
Movie S3, cells on the right side of the
node when overexpressing full-length N-
cadherin migrate rostrally at stage HH4
instead of crossing to the left side of
the node. We analyzed the impact that
these altered movements have on the
expression of shh, fgf8, and nodal in the
node and cer1 in the LPM (Figures S2A–
S2X). These rostral movements displaced
shh-expressing cells located on the right
side of the node into an anterior position,
leading to an increase in the notochord
width (106.9 ± 7.546 mm in full-length
N-cadherin versus 80.60 ± 8.176 mm in
controls) but still created an asymmetricnode expression (81%, n = 16 [Figure S2F]; compare with
control, 100%, n = 11 [Figure S2C]). At the same time, these
movements displaced fgf8-expressing cells located on the right
side of the PS into an anterior position, also leading to an asym-
metric node expression (63%, n = 16 [Figure S2L]; compare with
control, 69%, n = 13 [Figure S2I]). As expected, the expression of
downstream targets of shh and fgf8—namely, nodal (100%, n =
13 [Figure S2R]; compare with control, 79%, n = 14 [Figure S2O]), August 11, 2014 ª2014 Elsevier Inc. 357
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N-Cadherin Stops Leftward Movements of Node Cellsand cer1 (62%, n = 13 [Figure S2X]; compare with control, 70%,
n = 10 [Figure S2U])—was not affected.
DISCUSSION
We provide evidence for a mechanical basis for LR asymmetry
establishment by showing that N-cadherin on the right side of
Hensen’s node at stage HH5 is required to halt the leftward
cell movements initiated at stage HH4. This is crucial to stabilize
the molecular asymmetries generated in the node, so that the
correct asymmetric information is conveyed to the LPM and
the proper looping of the heart is achieved.
The cdh2 gene encodes N-cadherin, a cell surface receptor
that mediates cell-cell adhesion (Takeichi, 1995). The fact that
cdh2 becomes asymmetrically expressed on the right side of
the node at the same time that the leftward cell movements
are stopped raised the possibility that an asymmetric cell-cell
adhesion mechanism could be involved in stopping these move-
ments. Indeed, we found that, without N-cadherin function, the
leftward movements continued during stage HH5, strongly sug-
gesting that N-cadherin on the right side of the node is necessary
to terminate these movements. This interpretation is consistent
with the results obtained when we forced a premature asym-
metric expression of N-cadherin on the right side of the node
and showed that these cells were never displaced to the left
side at stage HH4 or HH5.
Our results can be explained by the adhesive properties of N-
cadherin that were shown to be sufficient to completely block the
migration of neural crest cells (Monier-Gavelle and Duband,
1995; Nakagawa and Takeichi, 1998; Shoval et al., 2007), muscle
progenitors (Brand-Saberi et al., 1996; Nuessle et al., 2011), and
osteosarcoma and breast carcinoma tumor cells (Kashima et al.,
2003; Potthoff et al., 2007). We should not discard the possibility
that a cell sorting mechanism might also be in place. We could
envision a scenario where cells with different levels of N-cad-
herin between the right side and the left side of the node would
be unable to mix. In fact, differences in the levels of N-cadherin
were shown to be enough to mediate cell sorting not only in
cell culture (Friedlander et al., 1989; Steinberg and Takeichi,
1994) but also in an intact embryonic tissue (Godt and Tepass,
1998; Gonzalez-Reyes and St. Johnston, 1998).
The prolonged leftward cell movements that occur in the
absence of N-cadherin function strongly affect the establish-
ment of LR asymmetries in the node. Specifically, we show
that the expression of genes initially located in the PS, like fgf8,
does not become asymmetric on the right side of the node
and, in turn, is detected on both sides. As a consequence of
fgf8 misexpression on the left side of the node, without N-cad-
herin function, nodal expression becomes downregulated
around the node, while in the left LPM, cer1 is repressed and
snail1 is ectopically activated.
Most developmental events occur within a specific time win-
dow, whether they are activation of gene expression in a partic-
ular cell type or alterations in the behavior of a certain population
of cells. If a particular event fails to occur within its proper time
window, development is compromised. Therefore, to fully under-
stand a particular developmental process, it is essential to un-
derstand what initiates it, but to uncover what terminates it is
also of great importance.358 Developmental Cell 30, 353–360, August 11, 2014 ª2014 ElsevieMuch attention has been given to the processes/signals that
initiate LR asymmetry in the vertebrate embryo, but a clear gap
of information exists when we think about the processes/signals
that terminate them. In this study, we show that N-cadherin is a
key molecule responsible for finishing the leftward cell move-
ments at the node and that stopping these movements at the
right time is a crucial step in LR patterning.
EXPERIMENTAL PROCEDURES
Embryo Manipulation
Fertilized chicken eggs were obtained from Quinta da Freiria, S.A., and incu-
bated at 37.5C with saturated humidity. Embryos were staged according to
Hamburger and Hamilton (1992). New cultures (New, 1955) were performed
at stage HH3+.
Embryo Treatments
AG1-X2 anion-exchange beads (Bio-Rad) were soaked for 1 hr in Omeprazole
(28 mM in 0.2% DMSO; Sigma) or SU5402 (96 mM in DMSO; Calbiochem).
Omeprazole beads were applied on each side of the anterior region of the
PS at stage HH3+, and one SU5402 bead was placed on the right side near
Hensen’s node at stage HH5+ between the epiblast and hypoblast. Control
beads were soaked in DMSO. Three microliters of monoclonal rat antibody
raised against mouse N-cadherin (39 mg/ml; MNCD2; Developmental Studies
Hybridoma Bank) or 3 ml of polyclonal rabbit antibody raised against chicken
N-cadherin (135 mg/ml; anti-N-cad; a kind gift from M. Takeichi) were applied
on the ventral surface of embryos at stage HH3+. Threemicroliters of rat immu-
noglobulin G2a (100 mg/ml; Invitrogen) served as a control. Five microliters
of Y27632 compound (100 mM; Sigma) was applied on the ventral surface of
embryos at stage HH3+.
In Situ Hybridization and Immunohistochemistry
Embryos were fixed in 4% paraformaldehyde and processed for in situ hybrid-
ization or immunohistochemistry according to Henrique et al. (1995) and Mar-
tins et al. (2009), respectively. mRNA probes were used as recommended: shh
(Riddle et al., 1993), fgf8 (Crossley et al., 1996), nodal (Levin et al., 1995), cer1
(Yokouchi et al., 1999), and snai1 (Marin and Nieto, 2004). Embryos selected
for 16 mm cryostat sectioning were embedded in ascending solutions of su-
crose-PBS up to 30% sucrose and then in optimal cutting temperature com-
pound. N-cadherin antibody (clone 32, 1:100, BDBiosciences) and Alexa Fluor
488-conjugated anti-mouse secondary antibody (1:500, Molecular Probes)
were used. Nuclei were visualized with TOPRO3 (1:1,000, Molecular Probes).
Plasmid Constructs
Chicken full-length N-cadherin pBluescript SK was digested with PstI. The
461-base-pair fragment (extracellular domain) was cloned into pBluescript
SK to produce an mRNA probe. Kaede-NLS-pCAGGS was produced by sub-
cloning Kaede-NLS from Kaede-NLS-pCS2+ plasmid into EcoRI/BamHI sites
of pBluescript SK and then into ClaI/SacI sites of a modified pCAGGS-MCS
vector.
Embryo Electroporation
New culture embryos were transferred to a silicon pool with a 2 mm2 cathode
(CUY701P2E electrode; Nepa Gene). The embryos were covered with Hank’s
balanced salt solution (GIBCO) and injected with the DNA solution (1 ml DNA;
0.1% Fast Green) in the prospective node territory (Joubin and Stern, 1999).
pCAGGS-Kaede-NLS, pCAGGS-green fluorescent protein (GFP), and full-
length pCAGGS-N-cadherin-yellow fluorescent protein (YFP) DNA samples
were used at concentrations of 2.5 mg/ml, 1 mg/ml, and 4 mg/ml, respectively.
Electroporation was performed with five pulses of 5 V for 50 ms at 500 ms
intervals using an Electro Square Porator ECM830 (BTX).
Time Lapse and Image Analysis
Electroporated embryos were transferred to glass-bottom Petri dishes. Four-
dimensional (4D) time-lapse z stacks of the node region were acquired on a
Zeiss LSM 510 Meta or a Zeiss LSM 710 inverted confocal microscope using
dry 203 0.8 NA objectives, every 10min for a period of 7–12 hr. A 405 nm laserr Inc.
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N-Cadherin Stops Leftward Movements of Node Cellswas used to photoconvert Kaede-expressing cells in the anterior-right quad-
rant of the node region spanning a 50 mm width and a 40 mm height by slow
scanning with 100 interactions. For cell movement analysis, we first obtained
maximum intensity projections of the 4D series using the ImageJ (http://rsb.
info.nih.gov/ij). Embryo drift corrections were made using the stack alignment
function of the Amira v5.3 (Visage Imaging) to keep the center of the primitive
pit stationary during the imaging period. Cell movements were tracked using
the MTrackJ plugin in ImageJ.
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